ensuing ethosome-like catanionic vesicles by water-soluble polymers were well studied.
It is noteworthy that an examination on the results of catanionic vesicle studies mentioned above 8 18 revealed the importance of membrane additives especially cholesterol, CHOL , which were incorporated in vesicular bilayers for modulating bilayer properties, in determining the performance of catanionic vesicles. The physical stability of catanionic vesicles could be significantly enhanced by the presence of CHOL in the vesicular bilayer structures 10, 17, 18 .
Moreover, while the increase in CHOL concentration resulted in increase in the encapsulation efficiency of a hydrophobic drug for DeTMA-DS decyltrimethylammoniumdodecylsulfate and DeTMA-TS decyltrimethylammoniumtetradecylsulfate, CH 3 CH 2 9 N CH 3 3 -CH 3 CH 2 13 SO 4 systems 17, 18 , the increase in CHOL concentration resulted in decrease in the encapsulation efficiency of the same drug for dodecyltrimethylammonium-dodecylsulfate DTMA-DS, CH 3 CH 2 11 N CH 3 3 -CH 3 CH 2 11 SO 4 system 18 .
Opposite effects of CHOL addition on the encapsulation behavior were, therefore, exhibited by catanionic vesicles fabricated from different IPAs. The mechanism by which additives may induce effects, however, is poor understood. It is, therefore, most desirable that additive effects on the fundamental properties of bilayered structures can be systematically studied for IPA bilayers. Recently, thermotropic transition behavior of bilayers in excess water was investigated for nine homologous IPAs 19 , which include those used for preparing the catanionic vesicles mentioned above. The differential scanning calorimetry DSC results revealed that the main phase transition temperature T m is consistently higher for IPAs with higher total number of carbon atoms in the hydrocarbon chains. For IPAs with the same total number of carbon atoms in the hydrocarbon chains, the T m is higher for the symmetric one than for the asymmetric one. Different phase transition behavior, therefore, is exhibited by IPA bilayers with different hydrocarbon chain lengths and symmetry. However, additive effects on thermotropic transition behavior of IPA bilayers have seldom been reported in the literature 20 . Kuo and Chang 20 examined the role of CHOL in the molecular packing of HTMA-DS hexadecyltrimethylammonium-dodecylsulfate /CHOL bilayers at 298 K on the molecular scale by means of molecular dynamics MD simulation. Condensing and disordering effects induced by CHOL addition in IPA bilayer were examined.
As compared with those of IPA bilayers, phase transition of lipid bilayers has received much more intensive investigations and was well documented 1, 21 24 . Moreover, lots of investigations 25 57 have been devoted to the effects of sterols especially CHOL , which are incorporated in lipid bilayers for modulating their characteristics, on the phase transition behavior, vesicular bilayer rigidity, and other properties by using various techniques such as DSC 25 55 57 . Among them, the well-known condensation effect of CHOL on lipid bilayers at a temperature above their main phase transition temperatures that is, lipid bilayers in the liquid-crystalline phase, L α , making the bilayer membranes more rigid was evidenced and documented 37, 38, 43, 46, 47, 53 . On the other hand, the disordering effect of CHOL, which worked on lipid bilayers at a temperatures below their main phase transition temperatures that is, lipid bilayers in the gel phase, L β , making the bilayer membranes more fluidic was also evidenced and documented 37, 38, 46, 47, 53 . It is thought that similar effects of CHOL on lipid bilayers may also work on lipid-like IPA bilayers.
In this work, four double-chained IPAs with different hydrocarbon chain lengths and symmetry were designed and synthesized from single-chained cationic and anionic surfactants by the precipitation method. By using DSC, the thermotropic transition behavior from L β phase through rippled phase P β if any to L α phase was studied for bilayers of these lipid-like IPAs in excess water. Moreover, the effects of three additives with similar chemical structures in IPA bilayers on phase transition behavior were determined.
EXPERIMENTAL

Materials
Four cationic surfactants used in this work were decyltrimethylammonium bromide DeTMAB , dodecyltrimethylammonium bromide DTMAB , tetradecyltrimethylammonium bromide TTMAB , and hexadecyltrimethylammonium bromide HTMAB . Two anionic surfactants used were sodium dodecylsulfate SDS and sodium tetradecylsulfate STS . All above-mentioned surfactants with purity higher than 99 were purchased from Sigma and used as received without further purification.
Three additives include CHOL with purity higher than 99 , dl-α-tocopheryl acetate α-TA with purity higher than 99 , and α-tocopherol α-T with purity higher than 97 were purchased from Sigma. Their chemical structures are similar in that the polar head groups are followed by the rigid rings and then the flexible hydrocarbon tails as shown in Fig. 1 a . The three parts in their structures are symbolized by a circle, a block, and a zigzag, respectively. However, molecular details different from each other could be found in Fig. 1 b .
Synthesis of IPAs
Double-chained IPA as precipitate will come out when aqueous solutions of single-chained cationic and anionic
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surfactants with sufficiently high concentrations are mixed together. In this work, such precipitate was prepared by mixing equal volume 500 mL of 20 mM aqueous solutions of cationic and anionic surfactants. A concentration of 20 mM is well beyond the corresponding critical micelle concentrations CMCs of the surfactants. After settled for 1 h, the precipitate was separated from the aqueous phase by repeated centrifuging and washing, and the collected precipitate was then dried for 36 h under vacuum and ground into fine powder. Lipid-like IPAs by pairing of two oppositely charged surfactants were thereby obtained. All experiments were conducted with pure water that was passed through a Milli-Q plus purification system Millipore, USA with a resistivity of 18.2 MΩ-cm.
Method
Samples for DSC measurements were prepared by combining water, IPA at the concentration of 40 mM, and extra addition of additive at the indicated concentrations mole . It should be noted that high concentration 40 mM of IPA was used for DSC measurements due to the sensitivity of the calorimeter. The solutions containing IPA and the additive were kept at 70 and passed through a homogenizer at the speed of 11000 rpm for 15 minutes. In view of the hydrophobic character of the additives, the additives would be expected to associate with the hydrophobic regions of the IPA bilayers. Defoaming was then carried out by using a sonicator. By careful sampling, the suspensions were placed into small aluminum pans. All dispersions were let to stand for 1 day at 25 before any measurement was performed. The pans were sealed and scanned in calorimeter DSC 7, PerkinElmer, USA using a reference pan containing water. The heating rate and scanning range were 5 /min and 15 -70 , respectively, in all the experiments.
When an IPA bilayer at gel phase is heated, it undergoes a phase change that can lead to the formation of a rippled phase and then a liquid-crystalline phase. DSC measures the excess heat capacity of the bilayer system as a function of temperature. The heat capacity exhibits maxima at the phase pre-transition temperature, T p , and the main phase transition temperature, T m . The integration of the areas under the transition curve yields the enthalpy of pre-transition, ΔH p and the enthalpy of main transition, ΔH m , respectively. For the first-order transition, the free energy change is zero and thus : ΔH p T p ΔS p and ΔH m T m ΔS m , which enable the pre-transition entropy, ΔS p , and main transition entropy, ΔS m , to be calculated from the measured transition enthalpies 21 . In a typical experiment, scanning was conducted for three times. Mean value and standard deviation of experimental data can then be evaluated.
RESULTS AND DISCUSSION
IPAs
Four IPAs were prepared: DeTMA-TS, DTMA-DS, hexadecyltrimethylammonium-dodecylsulfate HTMA-DS, CH 3 CH 2 15 N CH 3 3 -CH 3 CH 2 11 SO 4 , and tetradecyltrimethylammonium-tetradecylsulfate TTMA-TS, CH 3 CH 2 13 N CH 3 3 -CH 3 CH 2 13 SO 4 . The compositions of the resulting pure IPAs were analyzed by elemental analysis EA , mass spectrum MS determination, and nuclear magnetic resonance NMR spectroscopy. Details of analyses on the assynthesized IPAs have been described elsewhere 19 . It was confirmed that each IPA could be considered as a pseudodoublechained amphiphilic compound containing amphiphilic cation and amphiphilic anion in an equimolar ratio.
3.2 Thermotropic phase transitions of IPA bilayers without and with sterol-like additives The DSC thermograms for the four IPA bilayers at 40 mM in excess water are reported in Figs. 2-5 . Both pretransition and main transition are exhibited by HTMA-DS and TTMA-TS on the one hand, only main transition is exhibited by DeTMA-TS and DTMA-DS on the other hand. The T m is higher for IPAs with higher total number of carbon atoms in the hydrocarbon chains. For IPAs with the same total number of carbon atoms, the T m is higher for the symmetric one than for the asymmetric one. A wide range of T m from 30 to 54 was found from these four IPAs. It is noteworthy that the experimental results for the four IPA bilayers are consistent with those of Lee et al. 19 in spite of the fact that systematic deviations of about 1 in measuring phase transition temperatures resulted from the measurements by using different calorimeters. DSC thermograms of DeTMA-TS and DTMA-DS bilayers containing various amounts of sterol-like additives CHOL, α-T and α-TA are shown in Figs. 2 and 3 , respectively. The experimental results showed that the phase transition temperatures were unaffected with the increasing of additive concentration. The enthalpy and the corresponding entropy of phase transition, however, were decreased accordingly. When the addition of additive exceeded a specific amount, the phase transition disappeared. Similar results can also be found for IPA bilayers of HTMA-DS and TTMA-TS as shown in Figs. 4 and 5 , respectively. Figure 6 shows the main phase transition temperature, T m , and enthalpy, ΔH m , of four IPA bilayers as functions of concentration of three additives for comparison. The general trend is obvious that the T m does not vary and the ΔH m is decreased with the increase of additive concentration. A larger decrease in ΔH m and hasty disappearance of phase transition were found for IPAs with lower total number of carbon atoms in the hydrocarbon chains. Lee et al. 19 revealed that although a less consistent trend in main transition enthalpy as compared with those in f main transition temperature was exhibited by different IPAs, the main transition enthalpy basically also increased with the increasing of total number of carbon atoms in the hydrocarbon chains of IPAs. As the addition of sterol-like additives in IPA bilayers leads toward disappearance of phase transition, higher amounts of sterol-like additives required in diminishing the enthalpy of phase transition are therefore expected for longer chain IPA than the shorter chains. For IPAs with the same total number of carbon atoms in the hydrocarbon chains, the decrease in ΔH m is larger and the disappearance of phase transition is more hasty for the asymmetric one than for the symmetric one. 
Possible mechanism of additive effects
A rational argument is that the additive effects on lipid bilayers 37, 38, 46, 47, 53 may also work on IPA bilayers by CHOL, α-T and α-TA. As shown in Fig. 7 a , the L α phase also known as liquid-disordered phase is assumed by an IPA bilayer at a temperature above its T m . When a largely nonpolar additive such as CHOL is incorporated into this bilayer, the space under the headgroups of IPA is shared by alkyl chains and additive molecules, which thereby restrict the movement of alkyl chains through the rigid rings and/ or hydrogen bonding between hydroxyl group of additive and sulfate group of IPA. Alkyl chains and additive molecules become tightly packed and introduce a higher order in some local positions of bilayer. The L α phase is therefore in coexistence with the liquid-ordered phase L o , which enhances the rigidity of the resulting bilayer. With increasing additive concentration, a single L o phase with higher order in the hydrocarbon chains is established and the rigidity of bilayer is enhanced considerably. This depicts the condensing effect of additives in bilayers. For further increase of additive concentration beyond the solubility of additive in bilayer not shown here , excess additive molecules precipitate and form a second additive monohydrate crystal phase, which coexists with L o phase. In contrast, when a largely nonpolar additive is incorporated into an IPA bilayer at a temperature below its T m , the original close-packed alkyl chains are interfered and a disorder in the some positions of IPA bilayer is introduced as shown in Fig. 7 b . The L β phase also known as hydrated solid phase is therefore in coexistence with the L o phase, which decreases the rigidity of bilayer. With increasing additive concentration, a single L o phase with less order in the hydrocarbon chains is established and the rigidity of bilayer is decreased considerably. This depicts the disordering effect of additives in bilayers. Recently, available binary phase diagrams of lipid/CHOL mixtures were collected by Marsh 58 . The existence of liquid-ordered phases, which are characterized by shortrange orientational order and long-range translational disorder, was intensively assessed. The interesting opposite effects of CHOL on the lipid bilayers at a temperature above/below phase transition temperatures actually lead to the formation of a liquid-ordered phase by incorporating CHOL in lipid bilayers. Figure 8 a shows a simplified Fig. 8 b by plots of fluorescence anisotropy versus temperature with additive concentration as a parameter 47 . For a specific lipid bilayer, it typically undergoes a phase change at a characteristic T m . The incorporation of CHOL molecules in lipid bilayer at a temperature below T m will decrease the anisotropy rigidity of the resulting bilayer due to the disordering effect of additive. On the other hand, the incorporation of CHOL molecules in lipid bilayer at a temperature above T m will increase the anisotropy rigidity of the resulting bilayer due to the condensing effect of additive. The curves in Fig. 8 b become flatter and flatter with more and more additive being added in the lipid bilayers. Finally, the phase transition disappeared at an additive concentration by which a single liquid-ordered phase was formed. DSC results of this work again coincide with those of bilayer anisotropy obtained by fluorescence polarization techniques. Disordering and condensing effects of cholesterol on the molecular order in the hydrocarbon chains of IPA bilayers are analogous with those on lipid bilayers.
Furthermore, it is noteworthy that similar effects on phase transition behavior of four IPA bilayers were exhibited by the three different additives. The insignificant difference in degrees of additive effects revealed that the difference in additive chemical structures, as shown in Fig. 1 , may not induce significantly different effects on phase transition behavior of IPA bilayers. 
CONCLUSIONS
In this work, the effects of three sterol-like additives cholesterol, α-tocopherol, and α-tocopheryl acetate on phase transition behavior of four lipid-like IPAs DeTMA-TS, DTMA-DS, HTMA-DS, and TTMA-TS bilayers in excess water were systematically investigated by using differential scanning calorimetry. The experimental findings revealed that with increasing concentration of additive, the phase transition temperatures were unaffected on the one hand and the enthalpies of phase transition were decreased on the other hand. When the addition of additive exceeded a specific amount, the phase transition disappeared. More hasty disappearance of phase transition was found for IPAs with lower total number of carbon atoms in the hydrocarbon chains. For IPAs with the same total number of carbon atoms in the hydrocarbon chains, the disappearance of phase transition is more hasty for the asymmetric one than for the symmetric one. The general trend and disappearance of IPA bilayer phase transition with increasing concentration of additive can be explained by the opposite additive effects on the molecular order in hydrocarbon chains of bilayers that originally in the gel phase and liquid-crystalline phase, respectively, and therefore the formation of a single liquid order phase. Disordering and condensing effects of additives on the ordering of IPA bilayers are analogous with those on lipid bilayers. Similar effects on phase transition behavior of four IPA bilayers were exhibited by the three different additives. This showed that the difference in chemical structures of the three additives may not cause significant difference in phase transition behavior of the IPA bilayers. 
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